Reaching in space requires that the target and the hand are represented in the same coordinate system. While studies on visually-guided reaching consistently demonstrate the use of a gaze-dependent spatial reference frame, controversial results exist in the somatosensory domain. We investigated whether effector movement (eye or arm/hand) after target presentation and before reaching leads to gazedependent coding of somatosensory targets. Subjects reached to a felt target while directing gaze towards one of seven fixation locations. Touches were applied to the fingertip(s) of the left hand (proprioceptive-tactile targets) or to the dorsal surface of the left forearm (tactile targets). Effector movement was varied in terms of movement of the target limb or a gaze shift. Horizontal reach errors systematically varied as a function of gaze when a movement of either the target effector or gaze was introduced. However, we found no effect of gaze on horizontal reach errors when a movement was absent before the reach. These findings were comparable for tactile and proprioceptive-tactile targets. Our results suggest that effector movement promotes a switch from a gaze-independent to a gazedependent representation of somatosensory reach targets.
Introduction
Reaches to objects require that the hand and the target are represented in the same spatial map in order to calculate the movement vector. This seems to be trivial at a first glance but becomes rather complex when considering that the hand and target positions can be derived from different sensory channels associated with different spatial reference frames.
Previous studies have demonstrated that reaches to previously seen targets are represented in a gaze-dependent reference frame (for a review see Crawford, Henriques, & Medendorp, 2011) . When people reach to a remembered visual target presented in their visual periphery they tend to systematically overshoot its position, the so-called retinal magnification effect (RME, Bock, 1986) . Henriques, Klier, Smith, Lowy, and Crawford (1998) designed an experiment that took advantage of the RME in order to distinguish between head-centered and gaze-centered spatial updating of visual reach targets. They asked participants to first look at a visual target and then make a saccade to a peripheral fixation location after the target was extinguished. Horizontal reach errors were recorded and compared to the conditions where subjects reached to a target that they either viewed peripherally or centrally. In case of a head-centered spatial reference frame the errors should be similar to the condition where the target was directly viewed because head position remained unchanged after target encoding. In contrast, an error pattern displaying the RME as when the target was viewed in the visual periphery would indicate gaze-dependent spatial updating of the target location. Interestingly, reach errors depended on the target location relative to the current gaze direction after the gaze shift instead of the gaze direction during target presentation. This result suggests that visual reach targets are represented with respect to gaze and thus are updated/remapped in space for each gaze shift.
Gaze-dependent spatial updating of visual targets has also been demonstrated for delayed reaches where the reach was carried out up to 1200 ms after target presentation (Fiehler, Schütz, & Henriques, 2011; Schütz, Henriques, & Fiehler, 2013) , reaches with the dominant and non-dominant hand (Ambrosini et al., 2012) , and reaches from various start positions (Beurze, van Pelt, & Medendorp, 2006) . Electrophysiological studies in monkeys identified the posterior parietal cortex (PPC) as a site which plays an important role in reference frame transformations. Especially, neurons in the parietal reach region (PRR) seem to discharge depending on eye position relative to the visual reach goal suggesting a representation of movement-related targets in eye coordinates (Batista, Buneo, Snyder, & Andersen, 1999; Cohen & Andersen, 2002; Buneo & Andersen, 2006) . Consistent with the results in monkeys, human fMRI and MEG studies found evidence for gaze-centered spatial coding and updating of remembered visual targets for reaching movements in the PPC (Medendorp, Goltz, Vilis, & Crawford, 2003; van der Werf, Buchholz, Jensen, & Medendorp, 2013) . While there is profound knowledge about the spatial coding scheme for visual reach targets, the dominant reference frame for somatosensory reach targets is far less clear.
Behavioral studies on reaching to proprioceptive targets have demonstrated gaze-dependent reach errors similar to those obtained for visual targets (Jones & Henriques, 2010; Reuschel, Rösler, Henriques, & Fiehler, 2012) indicating similar spatial coding mechanisms for different (at least visual and proprioceptive) target modalities. These studies followed the paradigm of Henriques et al. (1998) and asked participants to reach with the right hand to the remembered location of their left thumb which was guided to a target location using a robot manipulandum. In addition, gaze was shifted to a peripherally flashed fixation light after target presentation and before the reach. In contrast, neuroimaging work using a repetition suppression approach to examine the reference frame for visual and proprioceptive reach targets suggests a flexible use of gaze-centered and body-centered coordinate systems depending on the sensory target modality (Bernier & Grafton, 2010) . The authors varied the location of the targets (the left thumb and left index finger taped behind a board) with respect to the body midline (left/right) and gaze (left/right) and assessed the amount of repetition suppression in a consecutive trial that was similar vs. novel in either body or gaze coordinates. They reported stronger repetition suppression in areas of the PPC and premotor cortex for gaze coordinates when visual targets were shown and for body coordinates when proprioceptive targets were presented. Based on these findings, the authors suggest a dominant use of the gaze-centered reference frame for visual and the body-centered reference frame for proprioceptive targets.
In studies which found gaze-dependent reach errors for proprioceptive targets, the target hand was moved and/or gaze was shifted before the reach (Jones & Henriques, 2010; Reuschel et al., 2012) . In contrast, the fMRI study by Bernier and Grafton (2010) included neither a movement of the target effector nor an intervening gaze shift. Instead, subjects held the target fingers stationary at the target positions and kept gaze at one of the fixation locations throughout the trial. However, the experiment by Pouget, Ducom, Torri, and Bavelier (2002) which also lacks a movement of the target effector and a shift in gaze did yield gazedependent reach errors for a proprioceptive target (right foot); but the gaze-centered error was considerably smaller compared to the visual and auditory targets of the very same experiment. In sum, previous data may suggest that beyond target modality, movement of the target effector and/or gaze influences the reference frame used for spatial coding and updating of proprioceptive reach targets.
Gaze-dependent spatial coding has also been reported for tactile targets applied to the arm (target effector) in spatial localization tasks (Harrar & Harris, 2009 Pritchett & Harris, 2011) . In these studies, participants compared the perceived location of a touch to a visual reference (e.g., a ruler) while maintaining eye position at various eccentricities during the presentation of the touch. Tactile spatial judgments were influenced by eye position; however, the direction of gaze-dependent errors differed from reach errors reported for proprioceptive targets. While studies on tactile targets found errors in the direction of gaze, i.e. an undershoot (Harrar & Harris, 2009 Pritchett & Harris, 2011) , studies on proprioceptive reaches demonstrated errors opposite to gaze direction, i.e. an overshoot (Jones & Henriques, 2010; Reuschel et al., 2012; Blangero, Rossetti, Honoré, & Pisella, 2005) , similar to reach errors to visual targets (Henriques et al., 1998; Fiehler et al., 2011) . Since Fiehler, Rösler, and Henriques (2010) observed a gaze-dependent overshoot effect also in a proprioceptive localization task, the discrepancy in error direction does not seem to be caused by the applied task (perceptual localization vs. goal-directed reaching), but rather by target modality, i.e. touch vs. proprioception. However, it is important to note that in the study of Fiehler et al. (2010) the target effector was moved to the target location while it remained stationary in the tactile localization tasks (Harrar & Harris, 2009 Pritchett & Harris, 2011) . Thus, differences in error direction might also be due to the movement of the target effector.
Consistent with the hypothesis that movement of the target effector and/or gaze facilitates gaze-dependent spatial coding of somatosensory reach targets, Pritchett, Carnevale, and Harris (2012) recently demonstrated that a shift in gaze can alter the reference frame used to represent a tactile stimulus in space. When gaze (eyes þhead) was held eccentric during both the presentation of the touch and the response, touch location was primarily represented in a body-centered reference frame. Interestingly, when gaze was shifted after target presentation and before the response, spatial coding of tactile targets switched to a preferential use of a gaze-centered reference frame.
So far, it is unclear whether a shift in gaze or the movement of the target effector or a combination of both factors influences the spatial reference frame of tactile and proprioceptive reach targets. We addressed this issue by investigating the effect of a) movement of the target effector and b) a gaze shift between target presentation and reaching movement on gaze-dependent spatial coding and updating of reach targets. To this end, participants reached towards remembered tactile and proprioceptive-tactile targets while gaze was varied relative to the target. Target presentation differed by whether the target effector was actively moved to the target location or remained stationary at the target location throughout the trial. Gaze was directed to a fixation light at the beginning of the trial where it kept fixed or it was shifted away from the target to a fixation location after target presentation and before the reach. The 2 conditions of target presentation (moved or stationary) were combined with the 2 gaze manipulations (fixed or shifted) for the tactile and the proprioceptivetactile targets resulting in 8 experimental conditions.
Methods

Participants
Nine human participants (5 males; mean: 25þ /À 3 yr; range: 21-31 yr) volunteered to participate in this experiment. All participants had normal or corrected to normal vision, were right-handed according to the German translation of the Edinburgh Handedness Inventory (Oldfield, 1971 ; EHI score, MW/SD: 78/20) and received monetary compensation for participation. Written informed consent approved by the local ethics committee was provided by each participant prior to participation.
General experimental setup
Subjects sat in a completely dark room in front of a table on which the apparatus was mounted. To avoid dark adaptation a small halogen table lamp was switched on for 1 s before each trial. The head was stabilized by a bite bar attached to a personalized dental impression. On top of the apparatus (see Fig. 1A ), 45 cm in front of and 13 cm below the eyes, a bar containing 7 green light emitting diodes (LEDs) was mounted on the rearmost end of a framed touch screen. The LEDs served as fixation stimuli and were placed at 151, 101 and 51 to the left and to the right horizontal eccentricity as well as central (01) to the right eye.
A 19 in. touch screen panel (MagicTouch 2.0, Keytec, Inc., Garland, Texas, 43 Â 33 Â 3 cm) was mounted horizontally and recorded reach endpoints with a resolution of 1920 Â 1080 pixels. Successfully recorded touches were signaled by a beep. Below the touch screen three solenoids were mounted at 101 to the left and right and central to the right eye. The frame of the touch screen together with the height of the solenoids caused a spatial offset of 9 cm in the vertical plane between the touch screen and the stimulated skin location. When a current was applied to a solenoid it pushed out a small pin (length: 9 mm, diameter: 1 mm) which touched the participants' skin for 50 ms. To mask the noise of the solenoids, subjects wore in-ear headphones (Philips SHE8500) presenting white noise.
Touches were applied either to the left forearm (tactile target; see Fig. 1B and C) or to the index finger/the 3 middle fingers of the left hand (proprioceptive-tactile target; see Fig. 1A/E and D). The limb which received the touches is further referred to as target effector. In conditions that included a movement of the target effector (see Fig. 1C and E) we attached a rail (length: 185 mm, width: 55 mm) with an oblong slider (width Â length: 35 Â 55 mm 2 ) to the apparatus. The rail could be rotated by a step motor to guide the target effector from the start to one of the three touch positions (see Fig. 1A and E). It restricted both the direction of the movement to the horizontal plane and the amplitude of the movement to the length of the rail. A mouse click signaled when the slider reached the endpoints of the rail and continued the trial.
Reaches were performed with the right index finger in total darkness. Subjects kept this finger on a button which was mounted on the frame of the touchscreen at 01 relative to the right eye and 12 cm below the eyes. They released the button to reach to the remembered location of the felt target on the touchscreen. The trial ended when the finger returned and depressed the button.
To ensure compliance with instructions, we recorded movements of the right eye by a head mounted EyeLinkII eye tracker system (SR Research) at a sampling rate of 250 Hz. Before each condition the eye tracker was calibrated with a horizontal 3 point calibration on the fixation LEDs at 101 left, 101 right and 01. The experiment was performed using Presentation s software (Version 15.0, www.neurobs.com).
Procedure
The task required reaching towards remembered somatosensory targets while gaze was either fixed (fixed-gaze) or shifted after target presentation and before reaching (shifted-gaze).
Somatosensory targets were defined solely by tactile information (tactile targets) or by both proprioceptive and tactile information (proprioceptive-tactile targets) depending on the target effector. The target effector stayed at the same position underneath the solenoids which delivered the touches (stationary target effector) or was actively moved before the reach (moved target effector). The combination of the 2 somatosensory target modalities (tactile vs. proprioceptivetactile) with the 2 modes of target presentation (stationary vs. moved target effector) resulted in 4 target conditions which are described in detail in the following sections.
Target conditions
Target conditions were conducted in separate sessions in an order pseudorandomized across participants. Each target condition was further combined with the 2 gaze conditions resulting in 8 experimental conditions. Schematics of the experimental setup for each target condition are presented in Fig. 1B-E. Detailed information about the timing of the experimental conditions is shown in Supplementary material Table 1 .
Tactile targets with stationary target effector (tactile-stationary)
Participants reached to the remembered location of touches delivered to the dorsal surface of their left forearm (the target effector) which was placed directly underneath the solenoids (see Fig. 1B ). The midpoint of the arm (measured from elbow to wrist) was roughly aligned with the central target. In the tactile-stationary condition, subjects placed their arm in the apparatus and kept it at that location until the end of the block.
Tactile targets with moved target effector (tactile-moved)
In contrast to the tactile-stationary condition, the left forearm was actively moved from a start position to the target position before touch presentation (see Fig. 1C ). At the beginning of each block the subjects' forearm was aligned in the touch position as described in the section above. Subjects placed their left hand on a movable slider and were instructed to adopt the start position by drawing the hand towards the body while the elbow joint stayed at the same place. The slider guided the movement along a rail which restricted the length of its path. In order to (E) Proptac-moved: touches were applied to the left index finger stuck in a slider which was attached to a rail. Participants moved the finger along the rail to the target position where they received the touch and then moved the finger back to the start position before they initiated the reach. The rail was rotated by a step motor to one of the 3 target locations before each trial.
receive the touch, participants had to push the slider from the start position to the distal endpoint of the rail thereby placing their forearm underneath the solenoids. Contact of the slider with the endpoint of the rail caused a solenoid to drive out a pin which touched the forearm. After the touch was delivered participants moved their arm back to the start position (until the slider made contact with the proximal endpoint of the rail) and then reached to the remembered location of the touch. The tactile stimulation and the touch positions were identical to the tactilestationary condition.
Proprioceptive-tactile targets with stationary target effector (proptacstationary)
Subjects reached to the remembered location of a touch which was delivered to one of the fingertips of the 3 middle fingers of the left hand (the target effector, see Fig. 1D ). Hence, besides tactile information, task-relevant proprioceptive information about the target position was available due to the stimulation of separate fingers, i.e. the fingertip of the index, middle and ring fingers. Subjects stuck the 3 fingers through 3 separate rings that positioned the fingertips exactly below the solenoids while contact with the solenoids was prevented (except when the pin was driven out). The fingers were held stationary in this position until the end of the experimental condition.
Proprioceptive-tactile targets with moved target effector (proptac-moved)
Targets were touches delivered to the tip of the left index finger (see Fig. 1A /E). Instead of keeping three fingers at three different target locations (like in the proptac-stationary condition) touches were applied to one finger that was actively moved from a start position to the 3 target locations. Subjects stuck the index finger through a ring attached to a slider which moved along a rail. The rail was rotated by a step motor in the direction of one of the 3 target locations. Subjects started each trial with the slider at the start position which was approximately 10 cm in front of the body and at 01 in the horizontal plane with respect to the right eye. After the rail was rotated in the direction of the target, subjects moved the finger along the rail until they reached its endpoint located at the current target location, i.e. under one of the solenoids. Contact of the slider with the distal endpoint of the rail caused the solenoid to drive out the pin. After subjects received the touch they moved the slider back to the start position (until the slider made contact with the proximal endpoint of the rail) and then reached to the remembered target.
Gaze conditions
Participants performed each of the 4 target conditions under 2 different gaze conditions (fixed-gaze and shifted-gaze). A schematic of trial timing accounting for the 2 gaze conditions combined with the 2 modes of target presentation (stationary and moved) is presented in Fig. 2 . In the proptac-moved conditions (Fig. 2C) , the start position of the movement was located at 01 ( ¼turning point of the step motor) so that movements were performed either in the sagittal (to the 01 target) or the diagonal (to the À 101 and 101 targets) plane. In the tactile-moved conditions (Fig. 2D) , the target arm was moved diagonally by rotating the elbow joint.
Fixed-gaze condition
In the fixed-gaze condition ( Fig. 2A and C) , subjects fixated one of the seven LEDs throughout the trial. Each trial began with the illumination of the fixation LED for 750 ms. The fixation light was extinguished before the somatosensory target was presented. In the conditions where the target effector was kept stationary, the touch was presented after the fixation LED was turned off. In the movedconditions, the touch was presented 200 ms after the target effector was placed at the target location. Gaze always remained at the fixation location until the reach endpoint was registered by the touch screen.
Shifted-gaze condition
In the shifted-gaze condition ( Fig. 2B and D) , participants first fixated the location where they felt the target and then directed gaze to the fixation LED which was illuminated for 750 ms. Participants received no feedback on the correctness of the felt target location. The mean fixation endpoints for each felt target location and the corresponding statistical comparisons are listed in Supplementary material (see, Fixations at felt target locations in the shifted-gaze conditions). The fixation LED was illuminated 700 ms after the touch in the stationary target conditions and 200 ms after the target effector had returned to the start location in the moved target conditions. Reaches had to be initiated after the fixation LED was extinguished to be classified as valid.
Free-gaze condition (control condition)
Each subject completed 2 blocks á 15 trials (3 target locations, each presented 5 times) for each of the 4 target conditions where gaze was not restricted but was allowed to move freely. This condition served as baseline in order to check participants' general task performance.
Data analysis
We varied the horizontal visual angle of fixation relative to the target (retinal error, RE) and assessed its effect on horizontal reach errors for the experimental conditions. In each trial one of the 3 target locations was paired with one of the 7 fixation locations except for combinations that yielded an eccentricity larger than 151 of visual angle. These combinations were excluded to avoid saturation of the retinal magnification effect which had been observed in previous studies (Bock, 1986; Henriques et al., 1998) .
One experimental block contained the remaining 17 fixation-target combinations in randomized order. Conditions with stationary target effector comprised 12 blocks (204 trials) and conditions with moved target effector 10 blocks (170 trials) thereby requiring a similar amount of time. We also included 1-3 short breaks within each condition where the light was turned on and participants could relax their arms and hands. The 4 different target conditions were conducted in 4 sessions that were pseudorandomized across participants. More specifically, all possible sequences of target conditions, 24 in total, were listed. The list was shuffled and the different sequences were assigned to the participants. Each session, and accordingly target condition, comprised the 3 different gaze conditions, namely the fixed-gaze condition, the shifted-gaze condition, and the free gaze condition, in randomized order.
Eye tracking data was exported into a custom graphical user interface (GUI) written in MATLAB R2007b (TheMathWorks Inc., Natrick, MA) to ensure subjects' compliance with instructions for every trial.
Trials were classified as valid and included in data analyses if gaze stayed within þ/ À 2.51 of the LED fixation location until the reach endpoint was registered. In the shifted gaze conditions, we additionally checked if a gaze shift occurred between the application of the touch and the presentation of the fixation LED; however, gaze had not necessarily correspond to the (exact) physical target location before the gaze shift for the trial to be classified as valid. All in all, analyses of eye data resulted in 11.885 valid trials (90.67%).
Statistical analyses
All further computations were performed in SPSS (SPSS Inc., Chicago, IL). First, means of reach endpoints for each retinal error of a given subject and target were computed. Reach endpoints had to fall within the range of þ / À 2 standard deviations of the individual mean. Otherwise they were regarded as outliers and discarded from further analyses which reduced the number of valid trials to 11.304 (86.24%).
Because target presentation differed between tactile and proprioceptive-tactile targets (touch on finger vs. arm; one vs. two sources of sensory information), statistical analyses were carried out separately for tactile and proprioceptive-tactile targets. In the figures, descriptive data depict the mean and the within-subject standard error of the mean following the procedure described by Cousineau (2005) .
We initially checked if participants were able to discriminate the 3 different target locations in the 4 experimental conditions and the 2 free-gaze control conditions. To this end, we conducted two-way repeated measures analysis of variance (RM ANOVA on condition: fixed-gaze, shifted-gaze, free-gaze for stationary target effector and moved target effector (6) Â target location: left, center, right (3)) on horizontal and sagittal reach errors, separately for tactile and proprioceptive-tactile targets. In order to test for interactions between target location and gaze relative to target across all experimental conditions we further conducted a three-way RM ANOVA (condition (4) Â target location (3) Â RE (3)) on horizontal reach endpoints separately for each target modality (tactile/proprioceptive-tactile). In these analyses the levels of retinal error (RE, gaze relative to target) were reduced to the 3 levels of gaze relative to target ( À 5/ 0/ 5) that were tested for each target location.
All further analyses were conducted on horizontal reach errors which were computed as follows. First, the mean reach endpoints for each subject and target when gaze and target were aligned (RE ¼0) served to normalize the data across subjects and targets. More precisely, reach errors were calculated by subtracting the mean reach endpoint a subject produced when reaching to a target in line with the fixation (RE ¼0) from the reach endpoints (in each trial) obtained for the same subject and target when the retinal errors were different from 01 (i.e. RE ¼ À15/ À 10/ À 5/ 5/ 10/ 15). By this linear transformation the shape (and within subjects variability) of the reach endpoint pattern of each target location was preserved but differences in the absolute positions of reach endpoints between subjects and targets were eliminated. Thereby reach errors were defined as horizontal deviations from the individual mean reach endpoints when gaze and target were aligned. Second, after normalization the reach errors of the 3 targets were collapsed (see Section 3.2).
In order to test whether reach errors varied as a function of gaze relative to target depending on target presentation and gaze condition, we conducted repeatedmeasures ANOVAs separately for tactile and proprioceptive-tactile targets. Specifically, we were interested in whether a movement a) of the target effector and/or b) of gaze affects the reference frame of tactile and proprioceptive-tactile targets indicated by gaze-dependent reach errors. Based on previous research, we expected a smaller or no effect of gaze relative to target when no movement (neither of gaze nor of the target effector) was present. In contrast, we expected reach errors to systematically vary with gaze relative to target when an effector movement was present. First, we conducted a three-way RM ANOVA (target presentation: stationary, moved (2) Â gaze condition: fixed, shifted (2) Â RE (7)) separately for tactile and proprioceptive-tactile targets. We then computed twoway repeated-measures analyses separately for tactile and proprioceptive-tactile targets in order to test how the movement of the target effector and/or gaze affects the reference frame of tactile and proprioceptive-tactile reach targets. These analyses were based on our a-priori hypotheses, i.e., planned comparisons.
In the first analyses, we compared horizontal reach errors of the no-movement condition (stationary target effector and fixed-gaze) with the condition containing a movement only of the target effector (moved target effector and fixed-gaze) by means of a two-way RM ANOVA (target presentation: stationary, moved (2) Â RE (7)). In the second two-way RM ANOVA (gaze condition: fixed, shifted (2) Â RE (7)), we contrasted the no-movement condition (stationary target effector and fixedgaze) with the condition where only gaze was shifted (stationary target effector and shifted-gaze). Interactions were followed up by one-way RM ANOVAs of reach errors as a function of gaze relative to target (RE (7)). Third, we compared the conditions containing one movement (moved target effector or shifted-gaze) with the condition containing 2 movements (moved target effector and shifted-gaze). In detail, we contrasted the condition where only gaze was shifted but the target effector was kept stationary with the condition where both the target effector and gaze involved a movement before the reach (shifted-gaze: moved vs. stationary target effector (2) Â RE (7)). Similarly, we compared the condition where the target effector was moved and gaze was fixed with the condition where both the target effector and gaze involved a movement before the reach (moved target effector: fixed vs. shifted-gaze (2) Â RE (7)).
When sphericity was violated as determined by Mauchly's test, GreenhouseGeisser corrected p-values are reported. For follow-up one-way RM ANOVA alpha levels were adjusted according to Bonferroni-Holm. All other analyses were performed at alpha of .05.
Results
In this study we examined whether gaze-dependent spatial coding of somatosensory reach targets is modulated by target presentation and gaze condition. Specifically, we applied experimental conditions in which the target effector was moved or stationary and gaze was fixed at or shifted to an eccentric position in space. Fig. 3, 1st row displays the mean horizontal endpoints (þ/ À 1 standard error) for reaches to the 3 target locations for the 4 experimental and 2 control conditions. We conducted a two-way RM ANOVA (condition (6): 4 experimental conditions, 2 control conditions Â target location (3): left, center, right) separately for each target modality. Reach endpoints significantly varied with target location for tactile (Fig. 3 left panel, F 2,16 ¼116.0, p o.001) and proprioceptive-tactile targets (Fig. 3 right panel, F 2,16 ¼ 184.0, po .001), indicating that subjects were able to successfully discriminate the different target sites. Nonetheless, the targets were generally perceived more leftward than their actual physical location, a phenomenon which has also been reported previously (e.g. Jones, Fiehler, & Henriques, 2012) . In addition, we observed a main effect of condition for tactile (F 5,40 ¼3.8, p ¼ .007) but not for Fig. 2 . Schematics illustrating the 2 gaze conditions (fixed: left panels; shifted: right panels) for the 2 modes of target presentation (stationary: upper panels; moved: lower panels). Reaches were always performed in complete darkness with gaze held at the fixation location. (A) Stationary target effector, fixed gaze: subjects fixated the LED at the beginning of each trial and kept gaze at this location after it was extinguished. (B) Stationary target effector, shifted gaze: subjects first fixated the touch location and then shifted gaze to the fixation LED where it was held after the LED was turned off. (C) Moved target effector, fixed gaze: subjects fixated the LED and kept gaze at this location after the LED was extinguished. The target effector was moved to the target position, received a touch and moved back to the start position before the reach was initiated. The depicted movement path (gray bar) corresponds to the proptac-moved condition. (D) Moved target effector, shifted gaze: the target effector was moved to the target position, received the touch and then moved back to the start position which turned the LED on. Gaze was first directed to the touch location and then shifted to the LED where it remained after the LED was turned off and until the reach was completed. Reaching movements had to be initiated after the LED was extinguished. The depicted movement path (gray bar) corresponds to the proptac-moved condition.
Target location
proprioceptive-tactile targets (F 5,40 ¼ 1.3, p ¼.264). Reach endpoints to tactile targets were shifted farther to the left if the target effector remained stationary than when it was moved.
For reaches in the sagittal plane (rear to front), we found a main effect of condition (tactile: F 5,40 ¼ 8.0, po .001; proptac: F 5,40 ¼5.1, p ¼.001, also see Fig. 3, 2nd row) . Mean sagittal reach endpoints ranged between 3.46 cm (mi n : À .26 cm, max: 3.19 cm) for tactile and 4.74 cm (min: À .49 cm, max: 4.25 cm) for proprioceptive-tactile targets. Sagittal reach endpoints demonstrate an increase in reach amplitude from the experimental condition without effector movement to the conditions where the target effector and/or gaze were moved, i.e. subjects reached farther into the workspace the more movement was present before the reach. In addition, we observed a main effect of target location (tactile: F 2,16 ¼11.1, p¼ .001; proptac: F 2,16 ¼ 30.5, p o.001) showing a linear increase of sagittal reach endpoints from the left to the right target although the physical target locations did not differ in the sagittal plane. These reaches were carried out mainly through a rotation of the shoulder joint thereby minimizing flexion and extension of the elbow joint. Thus, the farther the target is presented to the right the more the subjects' arm extended into the workspace leading to an increase in errors in the sagittal plane.
Target location and gaze
We conducted a three-way RM ANOVA (experimental condition (4) Â target location (3) Â gaze (3)) on horizontal reach endpoints for tactile and proprioceptive-tactile targets in order to account for putative interactions between target location and gaze relative to target. To this end, we included only the retinal errors that were obtained for all 3 target locations (51 left/right and central). We did not find a significant interaction of the respective factors neither for tactile nor for proprioceptive-tactile targets (tactile: F 4,32 ¼ 2.1, p¼ .102; proptac: F 4,32 ¼1.2, p ¼.323). Therefore, for the following analyses reach errors were collapsed across target locations.
Effects of target presentation and gaze condition on reach errors varying as a function of gaze relative to target (RE)
In order to investigate whether and if an effector movement after target presentation and before the reach affects the spatial representation of reach targets relative to gaze, we conducted a three-way RM ANOVA (target presentation: stationary, moved (2) Â gaze condition: fixed, shifted (2) Â RE (7)) separately for tactile and proprioceptive-tactile targets. Target presentation (stationary, moved) significantly interacted with retinal error for each target modality (tactile: F 6,48 ¼ 5.0, p¼ .02, proptac: F 6,48 ¼12.4, p o.001). We further found significant interactions of gaze condition and retinal error for tactile (F 6,48 ¼6.4, p ¼.006) and proprioceptive-tactile targets (F 6,48 ¼4.9, p ¼ .001). In the following sections we report analyses of horizontal reach errors when one factor (either target presentation or gaze condition) is held constant.
Effect of target presentation (stationary vs. moved) on reach errors when gaze was fixed
We tested whether gaze-dependent spatial coding depends on target presentation, i.e. whether the target effector is moved or stationary. Therefore, we compared the effect of gaze relative to target (RE) on reach errors between stationary and moved target effector conditions for tactile and proprioceptive-tactile reach targets (tactile-stationary vs. tactile-moved and proptacstationary vs. proptac-moved) when gaze was kept fixed at one of 7 fixation LEDs throughout the trial. As shown in Fig. 4 (1st row) target presentation significantly modulated gaze-dependent reach errors for both tactile (interaction target presentation Â RE, F 1,6 ¼4.2, p ¼.002; left panel) and proprioceptive-tactile targets (interaction target presentation Â RE: F 1,6 ¼2.8, p o.022; right panel). While reach errors were unaffected by gaze when the target effector was kept stationary (tactile-stationary: F 6,48 ¼1.6, p ¼.244; proptac-stationary: F 6,48 ¼1.3, p ¼.258), they significantly varied with gaze when the target effector was actively moved before the reach (tactile-moved: F 6,48 ¼4.7, p ¼.001; proptacmoved: F 6,48 ¼6.6, po .001; p ¼.016).
3.5. Effect of gaze condition (fixed vs. shifted) on reach errors when target effector was stationary Next, we examined the effect of gaze relative to target on reach errors in the stationary conditions when gaze was either fixed at an eccentric location throughout the trial or shifted between target presentation and reaching (fixed-gaze vs. shifted-gaze for tactile-stationary and for proptac-stationary). Results are shown in Fig. 4 (2nd row) . In the tactile-stationary condition (left panel), reach errors varied as a function of gaze relative to target depending on the gaze condition, i.e. whether gaze was fixed or shifted (interaction gaze condition Â RE: F 1,6 ¼4.5, p ¼.037). We observed a significant effect of gaze on reach errors in the shifted-gaze condition (F 6,48 ¼5.6, p ¼.018), which was absent in the fixed-gaze condition (F 6,48 ¼1.6, p¼ .244). For the proptac-stationary condition (right panel), we only found an overall effect of gaze relative to target (F 6,48 ¼ 4.3, p¼ .031) which did not interact with the gaze condition (interaction gaze condition Â RE: F 1,6 ¼1.7, p ¼.148). However, when we further explored this effect based on our a-priori hypothesis, a similar pattern arose as for the tactile-stationary condition. While gaze direction did not influence reach errors in the fixed-gaze condition (proptac-stationary: F 6,48 ¼ 1.3, p¼ .258), reach errors systematically varied with gaze in the shifted-gaze condition (F 6,48 ¼6.8, p ¼.003).
Effect of target presentation (stationary vs. moved) on reach errors when gaze was shifted
To complete the picture, we explored how target presentation (stationary vs. moved target effector) modulates a gaze-dependent spatial representation when gaze was shifted before the reach. For tactile targets (Fig. 4, 3rd row, left), we found a main effect of gaze relative to target (F 6,48 ¼16.8, p o.001) which did not interact with target presentation (interaction target presentation Â RE: F 1,6 ¼ 1.6, p¼ .167). However, for proprioceptive-tactile targets the gaze effect was significantly stronger when the target effector was moved showing a more pronounced effect of gaze for two effector movements compared to one effector movement (interaction target presentation Â RE: F 1,6 ¼13.0, p o.001, Fig. 4, 3rd row, right) .
3.7. Effect of gaze condition (fixed vs. shifted) on reach errors when target effector was moved Finally, we contrasted shifted-gaze and fixed-gaze in the conditions where the target effector was moved. As reported in Sections 3.4 and 3.6, we found gaze-dependent reach errors in the tactile-moved condition for both fixed-gaze (F 6,48 ¼4.7, p ¼.001) and shifted-gaze (F 6,48 ¼10.6, p o.001). When we directly compared the two gaze conditions, tactile reach errors varied even stronger with gaze relative to target when gaze was shifted before the reach (interaction gaze condition Â RE: F 1,6 ¼2.7, p ¼.027, Fig. 4. 4th row, left) . This indicates a stronger gaze-effect when two effector movements (target effector and gaze) compared to one effector movement occurred. Similar results were obtained for proprioceptive-tactile targets while reach errors varied with gaze relative to target within each gaze condition (fixed gaze: F 6,48 ¼6.6, po .001, shifted gaze: F 6,48 ¼23.8, p o.001) this effect increased for shifted-gaze compared to fixed-gaze; although the effect did not reach significance but yielded a trend (interaction gaze condition Â RE: F 1,6 ¼ 3.1, p¼ .077, Fig. 4 , 4th row, right).
Discussion
We investigated whether or not tactile and proprioceptivetactile reach targets are coded and updated in a gaze-dependent reference frame by analyzing horizontal reach errors while gaze was varied relative to the target. In particular, we studied the role of movement in determining a gaze-dependent reference frame: first, we varied movement of the target effector (arm/hand) which was actively moved to the target location or was kept stationary at the target location; and second, we varied movement of gaze which was fixed in space or shifted away from the target after target presentation and before the reach. Tactile targets were indicated by touches on the forearm, while for proprioceptive-tactile targets touches were applied to the individual fingertips which provided additional proprioceptive information about target position. Thus, participants were provided with richer somatosensory information in the latter condition, but could have also solved the task by solely relying on the proprioceptive information and using the tactile stimulus as a cue.
For tactile and proprioceptive-tactile targets, we found that horizontal reach errors systematically varied with gaze when an effector movement (eyes or arm/hand) was present after target presentation and before the reach, but not when the target effector remained stationary while gaze was fixed. This result may dissolve inconsistent findings of previous studies on spatial coding of proprioceptive reach targets; with some studies arguing for gaze-independent (Bernier & Grafton, 2010) and others for gaze-dependent coding Jones & Henriques, 2010; Reuschel et al., 2012) . Bernier and Grafton (2010) found evidence for spatial coding of proprioceptive targets (fingertips taped behind a board) independent of gaze direction in a goaldirected reaching task. Their results rather suggest a predominant use of a body-centered reference frame for proprioceptive reach targets. Here, we also found evidence for a gaze-independent representation of proprioceptive reach targets in the condition where gaze was fixed at an eccentric position and the target effector remained stationary at the reach goal; the condition similar to the experimental task of Bernier and Grafton (2010) . However, our findings indicate that the dominant reference frame seems to switch from gaze-independent to gaze-dependent coordinates if the target hand is moved or gaze is shifted after the target presentation and before the reach. Previous studies in which the target hand was moved actively or passively from a start to the target location while gaze either remained eccentric at a fixation light (Jones & Henriques, 2010) or was directed at the target and then shifted away after target presentation (Jones & Henriques, 2010; Reuschel et al., 2012) consistently reported gaze-dependent reach errors for proprioceptive targets, similar to the errors found for visual targets (Henriques et al., 1998; Fiehler et al., 2011; Ambrosini et al., 2012; Schütz et al., 2013) . This is in accordance with our findings showing that proprioceptive reach errors vary with gaze when the target hand is moved to the target location while gaze is either fixed or shifted. We even found similar gazedependent reach errors when the target effector remained stationary at the target location but a shift in gaze (in contrast to fixed gaze) occurred. Therefore, one movement, either of the target effector or gaze, sufficed to yield gaze-dependent errors.
We revealed analogous findings for tactile targets which varied with gaze when the target arm and/or gaze was moved before the reach. In a recent study from our lab we found concurrent results by applying a spatial localization task where participants were asked to judge the location of a remembered tactile target relative to a visual comparison stimulus (Mueller & Fiehler, 2014) . The results indicated the use of a gaze-dependent reference frame for tactile targets when a gaze shift was performed after tactile target presentation (comparable to tac-stationary, shifted gaze) in contrast to conditions where gaze remained fixed at the fixation location. This suggests that the observed effects are not restricted to hand movements but also account for spatial localization.
In sum, our results suggest that an effector movement (eyes or arm/hand) after target presentation and before the reach determines the use of a gaze-centered reference frame for tactile and proprioceptive-tactile targets. The effector movement seems to trigger a switch from a gaze-independent (presumably bodycentered) to a gaze-dependent coordinate system. Thus, the present findings support the notion that our nervous system operates in multiple reference frames which flexibly adapt to the sensory context (cf., Bernier & Grafton, 2010) , and, as shown here, also adapt to the motor context, i.e. the presence of effector movement between target presentation and reach.
The present results further demonstrate that reach errors did not only vary with gaze when one effector movement was introduced but, in some conditions, even increased in magnitude if both effectors (eye þarm/hand) were moved. However, this effect was more variable for tactile targets. This result points to the use of multiple reference frames for reach planning which are integrated by a weighting function changing with context (Pouget, Deneve, & Duhamel, 2002) . Previous studies suggest that statistical reliability of each reference frame (McGuire & Sabes, 2009 ) and the costs arising from transformations between reference frames (Sober & Sabes, 2005) determine the weight assigned to a signal estimate and thus its contribution to the estimate of target location. Following this idea, we assume that in our no-movement conditions, which required neither an update of the target relative to gaze nor an update of limb position, a gaze-independent (presumably body-centered) reference frame dominates the computation of the movement vector. Thus, somatosensory reach targets remain in their natural frame of reference. However, as soon as a movement triggers an update of the target representation in space the weights seem to shift from an intrinsic reference frame, in which somatosensory targets reach the nervous system, to a transformed, but nevertheless more reliable extrinsic, gazedependent reference frame. This implies that the benefit of a higher reliability of sensory target information may override the costs of reference frame transformations. This assumption is consistent with the current view that spatial updating of motor goals from sensory modalities other than vision is implemented in gaze coordinates and the neural basis for such reference frame transformations probably involves gain field mechanisms (for a review see, Medendorp, 2011; Medendorp, Buchholz, van der Werf, & Leoné, 2011) .
Based on our findings, we argue that effector movement promotes a gaze-centered representation by causing the need to update a target location in space irrespective of the sensory context in which the target was originally perceived. Assuming the use of multiple spatial target representations for reach planning, each movement/spatial update might increase the weight of a gaze-centered representation on the estimate of target location. This should result in stronger gaze-dependent errors when both, target effector and gaze, were moved, as we observed for tactile and proprioceptive-tactile targets. Although computational models exist which try to explain how different sensory signals are integrated for reach planning (McGuire & Sabes, 2009; Sober & Sabes, 2005) , none of the models (at least to our knowledge) includes specific predictions on how the sensory representations once established in multiple reference frames are affected by spatial updating either induced by an eye-or limb movement. This issue should be addressed in future research by varying the target modality and the effector movement to assess the effects on the reweighting and integration of multiple reference frames.
For both, tactile and proprioceptive-tactile targets, we found reach errors in the opposite direction of gaze, i.e. an overshoot of the target location. This result is consistent with earlier findings on proprioceptive reaching (Blangero et al., 2005; Jones & Henriques, 2010; Reuschel et al., 2012) and localization tasks (Fiehler et al., 2010) . However, we did not observe gaze-dependent errors in the direction of gaze, as has been previously reported for tactile targets (Harrar & Harris, 2009 Pritchett et al. 2012) . It is unlikely that this discrepancy is caused by the type of tactile stimulation, the target effector or gaze eccentricity because they all applied a brief touch to the forearm placed in front of the body and varied gaze eccentricity in a comparable range. Since we found gaze-dependent errors opposite to gaze direction not only in the present tactile reaching task but recently also in a tactile spatial localization task (Mueller & Fiehler, 2014) , this effect does not seem to be task-dependent. We can only speculate that the difference in error direction might be caused by the applied procedures which allowed subjects to freely move their eyes during the response while, in the present study, gaze was held at the fixation location during the reach.
As a necessary constraint, our experimental conditions differed in the time between target presentation and reach initiation. For example, in the moved target effector conditions, the touch was presented after the target hand had arrived at the target location and the reach was initiated after the target hand had returned to the start location; thus timing of the trial phases depended on the individual movement times. However, based on previous studies that did not find an influence of delay on gaze-dependent coding of reach targets (Fiehler et al., 2011; Schütz et al., 2013; Thompson & Henriques, 2010) we consider an effect of the temporal differences between the experimental conditions on the spatial coding scheme as unlikely.
Conclusion
We conclude that effector movement (eyes or arm/hand) before the reach determines the use of a gaze-dependent reference frame for somatosensory reach targets. Moreover, gazedependent reach errors, reflected by an overshoot of target location opposite to gaze direction, were comparable for tactile and proprioceptive-tactile targets suggesting similar spatial coding and updating mechanisms for both somatosensory target modalities. Future research should examine the relative shift of weights between gaze-independent and gaze-dependent reference frames as a function of effector movement causing an update of the target location in external space.
